Pankey EA, Thammasiboon S, Lasker GF, Baber S, Lasky JA, Kadowitz PJ. Imatinib attenuates monocrotaline pulmonary hypertension and has potent vasodilator activity in pulmonary and systemic vascular beds in the rat. Am J Physiol Heart Circ Physiol 305: H1288 -H1296, 2013. First published August 30, 2013 doi:10.1152/ajpheart.00329.2013.-Cardiovascular responses to the tyrosine kinase inhibitor imatinib were investigated in the rat. Intravenous injections of 0.3-30 mg/kg imatinib produced small decreases in pulmonary arterial pressure, larger dose-dependent decreases in systemic arterial pressure, and no change or small increases in cardiac output, suggesting that the systemic vasodilator response is more pronounced under baseline conditions. When pulmonary arterial pressure was increased with U-46619 or N -nitro-L-arginine methyl ester (L-NAME), intravenous injections of imatinib produced larger dosedependent decreases in pulmonary arterial pressure. Imatinib attenuated the acute hypoxic pulmonary vasoconstrictor response. Vasodilator responses to imatinib were not inhibited by meclofenamate, glybenclamide, or rolipram, suggesting that cyclooxygenase, ATPsensitive K ϩ (KATP) channels, and cAMP were not involved in mediating the response. In a 21-day prevention study, imatinib treatment (50 mg/kg ip) attenuated the increase in pulmonary arterial pressure, right ventricular hypertrophy, and small vessel remodeling induced by monocrotaline. Imatinib reduced PDGF receptor phosphorylation and PDGF-stimulated thymidine incorporation in rat pulmonary artery smooth muscle cells. These data suggest that the beneficial effect of imatinib in pulmonary hypertension may involve inhibition of PDGF tyrosine kinase receptor-mediated effects on smooth muscle cell proliferation and on vasoconstrictor tone. These results indicate that imatinib has nonselective vasodilator activity in the pulmonary and systemic vascular beds similar to the Rho kinase inhibitor fasudil and the calcium entry antagonist isradipine. The present results are consistent with the hypothesis that imatinib may inhibit a constitutively active tyrosine kinase vasoconstrictor pathway in the pulmonary and systemic vascular beds in the rat. imatinib; PDGF; pulmonary vascular bed; tyrosine kinase inhibitor; vasodilation RECEPTOR TYROSINE KINASES are important components of extracellular signal transduction pathways that play an important role in the regulation of cellular functions such as growth, proliferation, migration, and contraction that may be involved in the vascular remodeling and vasoconstriction observed in pulmonary hypertension (16). These transmembrane receptors bind growth factor ligands such as platelet-derived growth factor (PGDF), dimerize, and initiate a sequence of intracellular events that lead to alterations in cell function (5, 16, 19) . In addition to the many known receptor tyrosine kinases, a number of nonreceptor tyrosine kinases are also intracellular signaling pathways that can be activated by receptor tyrosine kinases and G protein-coupled receptors and are hypothesized to be involved in the pathogenesis of pulmonary hypertension (29). Imatinib is a tyrosine kinase inhibitor developed for the treatment of chronic myelogenous leukemia (8, 30) . Imatinib has been approved for the treatment of pulmonary arterial hypertension in patients with inadequate response to established therapy (15). Imatinib was initially discovered in a program designed to identify PDGF receptor inhibitors (5, 19). PDGFs are a family of homo-and heterodimers of disulfidebonded A-, B-, and C-polypeptide chains that exist as several possible isoforms (9, 14) . PDGFs exert their effect on target cells by activating the structurally related tyrosine kinase ␣-and ␤-receptors (9, 14). PDGF has been shown to be a potent mitogen in smooth muscle cells and fibroblasts and to have potent smooth muscle contractile activity (14, 33). Imatinib inhibits a number of receptor tyrosine kinases such as c-KIT and nonreceptor tyrosine kinases such as BCR-ABL that induce leukocyte expansion in chronic myelogenous leukemia (30). This tyrosine kinase inhibitor has been reported to suppress smooth muscle contraction in isolated preparations from guinea pig bladder, rabbit and human corpora cavernosa, human prostate gland, rabbit and human myometrium, and isolated pulmonary and penile arteries from the rat (1, 7, 13, 18, 22, 23, 26, 31) . Imatinib has also been reported to have erectile activity in the rat and has been reported to have selective pulmonary vasodilator activity in pulmonary hypertensive rats (1, 25). The present study was undertaken to investigate the effects of imatinib on the pulmonary and systemic vascular beds of the rat and on the development of pulmonary hypertension in response to monocrotaline treatment in a prevention study. In addition, the effects of imatinib on PDGF receptor activation (phosphorylation) and PDGF-stimulated thymidine incorporation were investigated in pulmonary artery smooth muscle cells (PASMCs) from the rat. These results show that chronic imatinib treatment attenuates the increase in pulmonary arterial pressure, reduces right ventricular hypertrophy, and attenuates the remodeling of small pulmonary arteries in monocrotaline-induced pulmonary hypertension in a prevention trial. In addition, imatinib was shown to inhibit PDGF receptor phosphorylation and PDGF-stimulated thymidine incorporation in rat PASMCs and to have potent nonselective
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METHODS
The Institutional Animal Care and Use Committee of the Tulane University School of Medicine approved the experimental protocol employed in these studies, and all procedures were conducted in accordance with institutional guidelines. In hemodynamic experiments, adult male Sprague-Dawley rats (Charles River) weighing 333-415 g were anesthetized with Inactin (100 mg/kg ip; SigmaAldrich) and were placed in the supine position on an operating table. Supplemental doses of Inactin were administered intraperitoneally in order to maintain a uniform level of anesthesia. Body temperature was maintained with a heating lamp. The trachea was cannulated with a short segment of PE-240 tubing to maintain a patent airway. The animals spontaneously breathed room air. In experiments in which the effects of imatinib on the pulmonary vasoconstrictor response to ventilatory hypoxia were investigated, the rats breathed a 10% O2-90% N2 gas mixture from a plastic funnel placed over the opening of the endotracheal tube. A femoral artery was catheterized with PE-50 tubing for measurement of systemic arterial pressure. The left jugular and femoral veins were catheterized with PE-50 tubing for intravenous injections and infusions of agents. For pulmonary arterial pressure measurement, a specially designed 3-F single-lumen catheter with a curved tip and with radiopaque marker was passed from the right jugular vein and into the main pulmonary artery under fluoroscopic guidance (Picker-Surveyor Fluoroscope) as previously described (24) . Pulmonary and systemic arterial pressures were measured with Namic Perceptor DT transducers (Boston Scientific), digitized by a Biopac MP100 data acquisition system (Biopac Systems), continuously recorded, and stored on a Dell PC. Cardiac output was measured by the thermodilution technique with a Cardiomax II computer (Columbus Instruments). A known volume (0.2 ml) of room-temperature 0.9% NaCl solution was injected into the jugular vein catheter with the tip near the right atrium, and changes in blood temperature were detected by a 1.5-F thermistor microprobe catheter (Columbus Instruments) positioned in the aortic arch from the left carotid artery. The indicator dilution data were stored on the PC.
Each experimental series was carried out in a separate group of rats. In the first set of experiments, the effects of intravenous injections of imatinib in doses of 0.3-30 mg/kg on pulmonary and systemic arterial pressures, and cardiac output, were investigated in the anesthetized intact-chest rat under baseline conditions.
In the second set of experiments, responses to intravenous injections of imatinib were investigated when pulmonary arterial pressure was increased to ϳ30 mmHg by continuous intravenous infusion of the thromboxane receptor agonist U-46619. After an initial high priming rate (400 ng/min), the U-46619 infusion was adjusted (150 -250 ng/min) to maintain pulmonary arterial pressure at ϳ30 mmHg.
In the third set of experiments, the effect of the nitric oxide synthase (NOS) inhibitor N -nitro-L-arginine methyl ester (L-NAME; 50 mg/kg iv) on vasodilator responses to imatinib in the pulmonary and systemic vascular beds was investigated to determine the role of endogenous nitric oxide (NO) in modulating the response to the tyrosine kinase inhibitor.
In the fourth set of experiments, the effect of imatinib (10 mg/kg iv) on the acute hypoxic pulmonary vasoconstrictor response was investigated when pulmonary arterial pressure was increased by ventilation with a 10% O2-90% N2 gas mixture.
In the fifth set of experiments, decreases in pulmonary and systemic arterial pressures in response to intravenous injections of imatinib (10 mg/kg), the Rho kinase inhibitor fasudil (30 g/kg), and the calcium entry antagonist isradipine (10 g/kg) were compared when pulmonary arterial pressure was increased to a high steady level (ϳ30 mmHg) with intravenous infusion of U-46619.
In the sixth set of experiments, the effects of sodium meclofenamate (5 mg/kg iv), glybenclamide (5 mg/kg iv), and rolipram (1.5 mg/kg iv) on vasodilator responses to imatinib (10 mg/kg iv) were investigated to determine the role of products of cyclooxygenase, ATP-sensitive K ϩ (KATP) channels, and cAMP in mediating or modulating the vasodilator response to imatinib.
For mechanism studies, primary rat PASMCs were isolated as previously described (6) . The cells were grown in M199 medium (Sigma-Aldrich) supplemented with 10% FBS and were used for experiments between passages 2 and 5. PDGF-AA, -AB, -BB, and -CC were obtained from PeproTech. The tyrosine kinase inhibitor imatinib was obtained from Novartis Pharma. Rabbit anti-PDGF-␣ and -␤ receptor and anti-phosphorylated PDGF-␣ and -␤ receptor antibodies were purchased from Santa Cruz Biotechnology. Insulintransferrin-sodium selenite (ITS) supplement was purchased from Roche. Anti-rabbit secondary antibody was purchased from KPL.
The effect of imatinib on PDGF-stimulated DNA synthesis (thymidine incorporation) in rat PASMCs was investigated. Cells were plated into a 24-well plate at a density of 5 ϫ 10 4 cells/well with M199 and 10% FBS overnight and then arrested in serum-free M199 supplemented with 10 mg/l ITS for 24 h. The cells were treated with 1 M imatinib for 1.5 h, followed by 20 ng/ml PDGF-AA, -BB, or -AB. [ 3 H]thymidine (5 Ci/ml; Amersham) was added to the cells 6 h after the growth factors were applied. The cells were harvested with lysis buffer [0.2 N NaOH, 0.1% sodium dodecyl sulfate (SDS)] 24 h after the growth factors were added. Radioactivity was counted with a scintillation counter.
The effect of imatinib on PDGF receptor phosphorylation in rat PASMCs was evaluated by Western blot analysis. Cells were plated into a six-well plate at a density of 3 ϫ 10 5 cells/well with M199 and 10% FBS overnight and then arrested in serum-free M199 supplemented with 10 mg/l ITS for 24 h. One micromolar imatinib or the same volume of dimethyl sulfoxide (DMSO) vehicle (Sigma) was added to the cells for 1.5 h, followed by 20 ng/ml PDGF-AA, -AB, -BB, and -CC, and the cells were incubated for an additional 1-h period. Twenty micrograms of total protein was resolved in a 8 -16% gradient mini-gel (Invitrogen) and transferred to PVDF blot (Amersham). The blot was then incubated with the anti-phosphorylated PDGF-␣ or -␤ receptor antibody (1:200) for 1 h at room temperature and washed. The blot was incubated with secondary antibody (1: 5,000) for another 1-h period at room temperature. The Western blot was analyzed with an ECL kit from Amersham. After the film was developed, the same blots were stripped with stripping buffer (100 mM ␤-mercaptoethanol, 2% SDS, 62.5 mM Tris, pH 6.8) and reprobed for anti-PDGF-␣ or -␤ receptor (1:200).
The effect of imatinib treatment in preventing (attenuating) the increase in pulmonary arterial pressure, right ventricular hypertrophy, and small vessel remodeling in monocrotaline-induced pulmonary hypertension was investigated. Male Sprague-Dawley rats weighing 250 -300 g were injected with 60 mg/kg monocrotaline into the tail vein. Hemodynamic values were measured on day 21 in monocrotaline-treated rats. The monocrotaline-treated rats received daily intraperitoneal injections of imatinib (50 mg/kg) or vehicle, and treatment was continued for 21 days. On day 21, hemodynamic measurements were made, the animals were euthanized, and the heart and lungs were removed for evaluation of right ventricular hypertrophy and pulmonary vessel histology.
The effect of imatinib on medial hypertrophy in small pulmonary arteries following treatment with monocrotaline was evaluated. Elastic trichrome-stained sections from monocrotaline-treated and control animals were masked and analyzed by observers blinded to the treatments. Pulmonary artery wall thickness was measured with an Olympus microscope with digital camera interfacing with a PC utilizing Image-Pro software. Ten arteries with external diameter of 50 -200 m were selected for measurement. The wall thickness (WT) and external diameter (D) of selected pulmonary arteries were measured and "percent wall thickness" (%WT) was calculated by the formula %WT ϭ [2WT/D] ϫ 100. The resulting average measurements from individual animals were pooled with other animals in the same group to give the mean percentage of wall thickness as an index of medial hypertrophy of small pulmonary arteries (21, 27, 28) . Right ventricular hypertrophy was assesed using the Fulton Index (RV/LV ϩ S) as previously described (24) .
Drugs. The tyrosine kinase inhibitor imatinib mesylate (Novartis, Basel, Switzerland) was dissolved in deionized water titrated to a pH of 5. U-46619 (Cayman Chemical) was dissolved in 95% ethyl alcohol and diluted in 0.9% NaCl solution. L-NAME (N -nitro-Larginine methyl ester hydrochloride), sodium meclofenamate, rolipram, glybenclamide (Sigma-Aldrich), and fasudil (LC Labs, Woburn, MA) were dissolved in 0.9% NaCl. Isradipine (Sigma-Aldrich) was dissolved in 0.9% NaCl and 1% Tween 80. Working dilutions were made daily with 0.9% NaCl and were kept on ice.
Statistics. Data are expressed as means Ϯ SE and were analyzed by paired and group t-tests and ANOVA with repeated measures. The criterion for statistical significance was P Ͻ 0.05.
RESULTS

Effect of imatinib on pulmonary and systemic vascular beds.
Imatinib has been approved for the treatment of pulmonary hypertension in patients with inadequate response to established therapy (10, 19) . However, the relative effects of this agent on vascular resistance in the pulmonary and systemic vascular beds has not been determined. In the present study, the effects of intravenous injections of imatinib in a wide range of doses on pulmonary and systemic arterial pressures and cardiac output were investigated. Under baseline conditions intravenous injection of imatinib in doses of 0.3-30 mg/kg produced dose-related decreases in systemic arterial pressure, small decreases in pulmonary arterial pressure, and no change or small increases in cardiac output, suggesting that the major effect was on the systemic vascular bed (Fig. 1A) . However, when baseline tone in the pulmonary vascular bed was increased with U-46619, intravenous injection of imatinib in the same dose range produced dose-related decreases in systemic and pulmonary arterial pressures and a small increase or no significant effect on cardiac output, indicating that imatinib had potent vasodilator effects in both the systemic and pulmonary vascular beds when tone was increased (Table 1 response to imatinib was longer than the duration of the decreases in systemic arterial pressure.
Pulmonary and systemic vasodilator responses to imatinib were investigated when NOS was inhibited with L-NAME, and these data are summarized in Fig. 1C . Treatment with L-NAME (50 mg/kg iv) increased pulmonary and systemic arterial pressure and decreased cardiac output ( Table 2 ). Intravenous injection of imatinib in doses of 0.3-30 mg/kg produced doserelated decreases in both pulmonary and systemic arterial pressures and small increases in cardiac output in the L-NAME-treated animal (Fig. 1C) .
Vasodilator responses to intravenous injections of imatinib were compared in L-NAME-treated and U-46619-infused animals, and unpaired t-tests indicate that there was no significant difference between responses, with the exception that the decrease in pulmonary arterial pressure in response to the intravenous 3 mg/kg dose of imatinib was significantly greater in the U-46619-infused group, suggesting that NOS and NO may play a small role in mediating the pulmonary vasodilator response (Fig. 1, B and C) .
The response to imatinib was also investigated when pulmonary arterial pressure was increased on an acute basis by ventilatory hypoxia, and these data are summarized in Fig. 2A . Ventilation with a 10% O 2 -90% N 2 gas mixture increased pulmonary arterial pressure, and intravenous injection of 10 mg/kg imatinib attenuated the hypoxic pulmonary vasoconstrictor response (Fig. 2A) . These data indicate that imatinib will induce vasodilation when pulmonary vascular resistance is increased by acute ventilatory hypoxia without significantly affecting cardiac output.
The effects of sodium meclofenamate, glybenclamide, and rolipram on vasodilator responses to imatinib were investigated, and these data are summarized in Fig. 2B . The decreases in pulmonary and systemic arterial pressure in response to intravenous injection of 10 mg/kg imatinib were not altered by treatment with sodium meclofenamate (5 mg/kg iv), glybenclamide (5 mg/kg iv), or rolipram (1.5 mg/kg iv). These results indicate that responses to imatinib are not dependent on cyclooxygenase products, the opening of K ATP channels, or increases in cAMP levels.
Cardiovascular responses to imatinib were compared with responses to the Rho kinase inhibitor fasudil and the calcium entry blocking agent isradipine, and these data are summarized in Fig. 3 . Under elevated tone conditions in U-46619-infused animals intravenous injections of 10 mg/kg imatinib, 300 g/kg fasudil, or 10 g/kg isradipine produced significant decreases in pulmonary arterial and systemic arterial pressures and small changes in cardiac output (Fig. 3) . Intravenous injection of the three agents produced rapid-onset decreases (5-15 s) in pulmonary and systemic arterial pressures. The duration of the decreases in pulmonary and systemic arterial pressures was greatest with isradipine (data not shown). The percent decreases in pulmonary and systemic arterial pressure in response to the three agents were similar when tone was increased with U-46619.
Effect of imatinib on development of monocrotaline-induced pulmonary hypertension. The effect of imatinib treatment on the development of monocrotaline-induced pulmonary hypertension, right ventricular hypertrophy, and small pulmonary vessel remodeling was investigated in a prevention study, and these data are shown in Fig. 4 . Imatinib (50 mg/kg ip for 21 days) significantly reduced the increases in pulmonary arterial pressure, right ventricular hypertrophy, and small pulmonary artery medial hypertrophy that occurred in response to monocrotaline treatment (60 mg/kg iv).
In evaluating the effect of imatinib on vascular remodeling, wall thickness was measured in small pulmonary arteries with an external diameter of ϳ50 -200 m and the percent change in wall thickness was compared in the different treatment groups. There was a significant increase in percent wall thickness in small pulmonary arteries from animals with monocrotaline-induced pulmonary hypertension (Fig. 4) . There was a significant decrease in the percent wall thickness in small pulmonary arteries from animals treated with monocrotaline and imatinib compared with values in animals treated with monocrotaline alone (Fig. 4) .
Effect of imatinib on PDGF receptor phosphorylation and PDGF-stimulated thymidine incorporation in rat pulmonary
artery smooth muscle cells. Experiments were carried out to investigate the effect of imatinib on PDGF-stimulated arterial smooth muscle cell DNA synthesis as measured by thymidine incorporation and PDGF receptor phosphorylation in rat PASMCs, and these data are summarized in Fig. 5 . There was a significant increase in thymidine incorporation (DNA synthesis) in PASMCs treated with PDGF-AA, -BB, and -AB (Fig. 5C) . Phosphorylation of PDGF-␣ and -␤ receptors was assessed by Western blot analysis, and exposure to PDGF-AB and -BB induced strong phosphorylation of both PDGF receptors (Fig. 5, A and B) . Exposure to PDGF-CC and -AA induced weaker phosphorylation of PDGF-␣ and -␤ receptors (Fig. 5, A  and B) . The phosphorylation of PDGF receptors in rat PASMCs was inhibited by treatment with 1 M imatinib (Fig.  5, A and B) . Treatment of PASMCs with 1 M imatinib significantly decreased thymidine incorporation in response to PDGF-AA, -BB, and -AB (Fig. 5C ). These data indicate that imatinib treatment can decrease PASMC proliferation (DNA synthesis) when exposed to PDGF-AA, -BB, and -AB as measured by thymidine incorporation. This inhibitory effect on thymidine incorporation correlated with the inhibition of PDGF receptor phosphorylation induced by imatinib. Fig. 2 . A: effect of ventilation with a 10% O2-90% N2 gas mixture on pulmonary arterial pressure and the effect of intravenous injection of 10 mg/kg imatinib on the hypoxia-induced increase in pulmonary arterial pressure. B: effects of cyclooxygenase inhibition with sodium meclofenamate (5 mg/kg iv), phosphodiesterase type 4 inhibition with rolipram (1.5 mg/kg iv), and inhibition of ATP-sensitive K ϩ channels with glybenclamide (5 mg/kg iv). n, No. of experiments. *P Ͻ 0.05.
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DISCUSSION
Imatinib has been approved for the treatment of pulmonary arterial hypertension in patients with inadequate response to established therapy with endothelin receptor antagonists, PDE5 inhibitors, and prostacyclin or analogs (15) . Although it has been reported that imatinib has smooth muscle relaxant and vasodilator properties, the relative effects of this tyrosine kinase inhibitor on the pulmonary and systemic vascular beds have not been compared in animals without pulmonary hypertension (1, 29) . The results of the present study indicate that imatinib has vasodilator activity in both the pulmonary and systemic vascular beds and that the systemic vasodilator effects are more pronounced under baseline conditions. However, when vasoconstrictor tone in the pulmonary vascular bed was increased with U-46619 or L-NAME, imatinib had potent vasodilator activity in both the pulmonary and systemic vascular beds, and in this regard imatinib was similar to the Rho kinase inhibitor fasudil and the calcium entry antagonist isradipine. The present data indicate that imatinib, fasudil, and RV/(LV + S) (%) http://ajpheart.physiology.org/ isradipine decrease pulmonary arterial pressure and right ventricular afterload; however, all three agents also produce a decrease in systemic arterial pressure.
Pulmonary hypertension is a disorder characterized by excess vasoconstriction and vascular remodeling in the pulmonary vascular bed (20) . Imatinib is an antiproliferative agent developed to inhibit the BCR-ABL tyrosine kinase in patients with chronic myelogenous leukemia (5). Imatinib was discovered in a program to screen inhibitors of PDGF receptor activation, and this agent inhibits a number of receptor and nonreceptor tyrosine kinases (12, 19) . Imatinib has been shown to reverse monocrotaline-and chronic hypoxia-induced pulmonary hypertension and has been approved as "add-on" therapy for patients with pulmonary hypertension who do not have adequate responses to standard therapy (10, 11, 15, 29) .
In the present study imatinib treatment attenuated monocrotaline-induced pulmonary hypertension, right ventricular hypertrophy, and medial hypertrophy of small pulmonary arteries in a 21-day prevention study. The ability of imatinib to reduce medial hypertrophy in small arteries correlated with the inhibitory effect of the drug on PDGF-stimulated DNA synthesis in rat PASMCs as assessed by reduced thymidine incorporation. Imatinib inhibited PDGF receptor phosphorylation induced by PDGF-AA, -AB, -BB, and -CC. The data showing decreased PDGF-stimulated thymidine incorporation and decreased PDGF receptor activation (phosphorylation) provide information in regard to the mechanism of the beneficial effect on vascular smooth muscle cell proliferation and vascular remodeling in the pulmonary vascular bed. However, the mechanism by which imatinib induces vasodilation is uncertain. Imatinib inhibits PDGF receptor signaling, and PDGF has been shown to have potent contractile activity in aortic strips and potent vasoconstrictor activity in the rabbit ear artery (3, 17) . Imatinib also inhibits other receptor tyrosine kinases such as c-KIT and has been shown to relax isolated smooth muscle preparations from the bladder, uterus, corpora cavernosa, and small penile arteries and to have potent erectile activity in the rat (4, 6, 7, 13, 18, 22, 23, 25, 26, 31, 32) . The results of the present study and of previous studies in which three different tyrosine kinase inhibitors have been shown to have potent vasorelaxant activity in isolated pulmonary arteries and studies with agents such as genistein that inhibit tyrosine kinases are consistent with the hypothesis that tyrosine kinase signaling is involved in the regulation of vascular and genitourinary smooth muscle tone (1, 29, 31, 32) . The observation that imatinib decreases pulmonary and systemic arterial pressure is consistent with the hypothesis that an imatinib-sensitive tyrosine kinase is playing a role in maintaining pulmonary and systemic arterial pressures at baseline levels and when this putative vasoconstrictor tyrosine kinase pathway is inhibited by imatinib, vasodilation occurs. The results of pharmacological studies suggest that cyclooxygenase products, K ATP channels, cAMP, and NO are not involved in mediating vasodilator responses to imatinib in the intact-chest rat. It has been reported that inhibition of Rho kinase is involved in mediating vasorelaxant responses to imatinib in isolated pulmonary arteries contracted with U-46619, and the present results comparing responses to imatinib and the Rho kinase inhibitor fasudil are consistent with this reported mechanism (1, 2, 29) . However, the role of receptor and nonreceptor tyrosine kinases in regulating vascular tone and the exact mechanism by which imatinib induces vasodilation are unknown. In addition, it is uncertain whether a decrease in contractile protein calcium sensitivity or smooth muscle intracellular calcium levels are involved in mediating vasodilator responses to imatinib in the pulmonary and systemic vascular beds. However, the ability of imatinib to inhibit vascular smooth muscle proliferation and to decrease pulmonary vascular resistance are beneficial effects in the treatment of pulmonary hypertension.
Imatinib is an antiproliferative agent developed to inhibit BCR-ABL nonreceptor tyrosine kinase in patients with chronic myelogenous leukemia (5, 8, 19, 30) . Moreover, the inhibitory effects of imatinib on PDGF, c-KIT, and Src signaling suggest that these effects of imatinib may be beneficial in the treatment of pulmonary hypertension (11) . In the present study the effect of imatinib in a prevention trial was assessed, and treatment with imatinib at an intraperitoneal dose of 50 mg/kg for 21 days significantly reduced the increases in pulmonary arterial pressure, right ventricular hypertrophy, and small vessel medial hypertrophy in rats with monocrotaline-induced pulmonary hypertension.
The effect of imatinib on vascular smooth muscle cell proliferation was investigated, and exposure of rat PASMCs to imatinib attenuated increases in thymidine incorporation in responses to PDGF-AA, -BB, and -AB stimulation. The weak phosphorylation response to PDGF-AA in these cells may be due to the low level of PGDF-AA receptor in rat PASMCs. The inhibitory effect of imatinib on thymidine incorporation was correlated with results showing inhibition of PDGF receptor activation (phosphorylation). These data suggest that imatinib inhibits tyrosine kinase receptor activation and attenuates smooth muscle cell proliferation in rat PASMCs. It is therefore possible that inhibition of PDGF receptor signaling is involved in mediating the beneficial effects of imatinib in the treatment of monocrotaline-induced pulmonary hypertension, although other mechanisms cannot be excluded.
In summary, the results of the present study indicate that imatinib has substantial vasodilator activity in the pulmonary and systemic vascular beds and in this regard is similar to the Rho kinase inhibitor fasudil and the calcium entry antagonist isradipine. Imatinib attenuated the acute hypoxic pulmonary vasoconstrictor response, and chronic treatment with the tyrosine kinase inhibitor attenuated monocrotaline-induced pulmonary hypertension, right ventricular hypertrophy, and small pulmonary vessel remodeling in a prevention study. Imatinib inhibited thymidine incorporation and PDGF receptor phosphorylation induced by PDGF isoforms in rat PASMCs. These results may be interpreted to suggest that receptor tyrosine kinase signaling may have a role in regulating smooth muscle cell proliferation and vasoconstrictor tone in the lung and the peripheral vascular bed, although a role for nonreceptor tyrosine kinases and other mechanisms cannot be excluded.
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